Development of the regeneration process on diesel particulate filters requires a better understanding of soot oxidation phenomena, especially its relation to soot nanostructure. Nitrogen dioxide (NO 2 ) is known to play an essential role in passive regeneration by oxidizing soot at low temperatures, especially in the presence of oxygen (O 2 ) in the exhaust. However, change in soot nanostructure due to oxidation by NO 2 -O 2 mixtures has not received much attention. This work focuses on nanostructure evolution during passive regeneration of the diesel particulate filter by oxidation of soot at normal exhaust gas temperatures (300°C-400°C). High-resolution transmission electron microscopy of partially oxidized model carbons (R250, M1300, arc-generated soot) and diesel soot under NO 2 -O 2 mixtures is used to investigate physical changes in nanostructure correlating with the material's behavior during oxidation. Microscopy reveals the changing nanostructure of model carbons during oxidation while fringe analysis of the images points to the differences in the structural metrics of fringe length and tortuosity of the resultant structures. The variation in oxidation rates highlights the inter-dependence of the material's reactivity with its structure. NO 2 preferentially oxidizes edge-site carbon, promotes surface oxidation by altering the particle's burning mode with increased overall reactivity of NO 2 + O 2 resulting in inhibition of internal burning, typically observed by O 2 at exhaust gas temperatures.
Introduction
Diesel particulate filters (DPFs) are used in vehicles to decrease the amount of particulate matter released into the atmosphere. Efficient working of a DPF is subjected to periodic filter regeneration by oxidizing the accumulated soot. 1, 2 This depends on the oxidative reactivity of soot which, in turn, is influenced by fuel formulation, combustion conditions and soot nanostructure. [1] [2] [3] [4] [5] [6] [7] [8] Surface oxygen groups, whose presence is dependent on fuel and combustion conditions, are often cited as causative for higher soot oxidative reactivity. [9] [10] [11] However, as demonstrated by Strzelec et al., 3 the presence of such groups only affects initial reactivity and not then ensuring reactivity thereafter. Soot morphology has also been tied to oxidative reactivity. 10, [12] [13] [14] Although morphology has been related to engine and fuel conditions, such as found in the work by Su et al., 13 it should be understood that this was not measured nor connected to differences in reactivities for the two soots during oxidation under 5% O 2 . A linked study by the same group 10 showed that soot oxidative reactivity was qualitatively related to its morphology and subsequently to its nanostructure as the primary factor regulating oxidative reactivity. In contrast, several notable works have identified soot ''structure,'' 10,13-15 either understood or named as nanostructure 1, 3, 16, 17 as an essential metric governing soot oxidative reactivity and as consequence, nanostructure has been studied across a variety of fuels and fuel blends under different oxidation conditions. Yet absent from present literature is a study showing comparative nanostructure evolution for conditions of passive DPF regeneration with and without NO 2 at typical exhaust temperatures, as detailed in this article. Thus, changes in soot nanostructure-qualitative via high-resolution transmission electron microscopy (HRTEM) and quantitative via image analysis-when soot is subjected to oxidation under conditions observed in a diesel exhaust for passive DPF regeneration are the focus of this work.
Development of the regeneration process of a DPF via soot oxidation is a challenge because of the complex nature of soot and lack of predictability of its structure due to varying fuel compositions and engine operating conditions. 18 Between active or passive regeneration processes, the latter is considered more efficient, taking place at normal exhaust temperatures (200°C-400°C) continuously, without potential damage to the filter itself when exposed to higher temperatures ( . 500°C) required for aperiodic active regeneration. The prevailing low temperatures inhibit the reactivity of oxygen (O 2 ). Noteworthy studies [19] [20] [21] [22] have provided evidence of such, with NO 2 from the exhaust gases being the trigger for soot oxidation and increasing the reactivity toward O 2 . Reactions by NOx, including N 2 O and N 2 O 4 , with associated kinetics, have also been studied and well summarized by Stanmore et al. 20 Most works have focused on soot oxidation for DPF regeneration by analyzing reaction kinetics at various temperatures, 11, [22] [23] [24] [25] changing NO 2 and O 2 gas concentrations, 22 with and without the presence of moisture 22 and/or using representative carbon blacks as surrogates for diesel soot. 14, 19 Due to the inactivity of O 2 at typical passive regeneration conditions, soot oxidation is initiated by the presence of NO 2 in the exhaust gas. Once the process of oxidation begins, the mechanism has been shown to occur via the formation of surface oxygen complexes (SOCs) as intermediates. 19 These intermediates subsequently react with O 2 to produce carbon dioxide (CO 2 ) and/or carbon monoxide (CO). Lee et al. 23 and coworkers reported that in the presence of O 2 , increasing NO 2 promotes soot oxidation at relatively lower temperatures (200°C-580°C).
When NO 2 is added to the mix at relatively high concentrations, for instance, the 10,000 ppm (1%) NO 2 in Argon, as studied by Strzelec et al. using temperature programmed oxidation (TPO) from 50°C-650°C, 1 contrasting nanostructure was observed wherein NO 2 oxidation led to lamellae breakup, while O 2 preferentially attacked curved lamellae under low-temperature conditions due to enhanced reactivity introduced by curvature. 26 Different than our prior collaborative work, this study tested the role of lamellae curvature upon oxidative reactivity toward O 2 versus NO 2 + O 2 .
Seong and Choi 21 observe a similar shrinking sphere in the presence of NO 2 at concentrations of 1000 ppm (0.1%) and 2500 ppm (0.25%), levels that are significantly above the nominal NO 2 concentration (100-900 ppm) within exhaust gases from a diesel engine. 1 These studies show aggressive oxidation by NO 2 at high concentrations, not discriminating between the more reactive edge sites and the relatively stable basal planes. O 2 oxidation, however, shows an internal burning mode at low temperatures (;500°C) due to competing rates of reaction kinetics versus mass transport, resulting in O 2 migrating to the core of the particle and oxidizing the reactive polycyclic aromatic hydrocarbons (PAHs) present at its center. Soot oxidation by O 2 will preferentially remove amorphous carbon relative to graphitic carbon as well as loosely stacked and curved fringe segments. Pahalagedara et al.
14 provide a detailed statistical study of the influence of particle structure on soot oxidation activity. A central point from this work is that soot activity toward oxidation decreases with the increased organization of structure in the soot, making it less reactive to further oxidative attack, as shown in our prior studies, 5, 6, 17, 18 and as mechanistically described in terms of basal to edge-site carbons. 6, 18 Such comparative knowledge for oxidation by NO 2 -O 2 gas mixtures is still limited, having received little attention until recently. Few studies 1, 21 have investigated the impact of nanostructure on rate, and there is little study of oxidant mixture NO 2 + O 2 upon nanostructure-and in turn change in rate as the nanostructure evolves. Largely absent from relevant literature on NO 2 oxidation of soot for passive DPF regeneration are micrographs of soot showing the effect of oxidation by NO 2 and O 2 on soot (nano)structure and under conditions that are routine to the regeneration process. Significant insight into the reaction mechanism and its kinetics of oxidation are prevalent, 1, [19] [20] [21] [22] 25 despite which there is a need to understand the physical features underlying the reaction mechanism, that is, the nanostructure origins for soot undergoing oxidation at 400°C and the subsequent plateau of oxidation rate observed with time.
This work aims at analyzing the effect of passive regeneration conditions on the nanostructure of soot and the interdependence of these parameters. Carbon blacks have been used as model soots for this analysis, along with soot from a diesel engine to understand nanostructure evolution as it would take place in a DPF. Carbon blacks are not contaminated with metals, lube ash, volatile or organic content-facilitating a clean and uncomplicated comparison. The oxidative reactivity of a diesel soot collected from a DPF is also analyzed by subjecting it to oxidation under gas, oxidant staging and temperature conditions similar to those occuring during passive regeneration. Similarly, its reactivity to oxidation is analyzed qualitatively based on changes observed in its nanostructure using transmission electron microscope (TEM) and quantified using fringe analysis of the images.
Experimental procedure and methodology
The model carbons used in this study are Monarch 1300 (M1300) and Regal 250 (R250) provided by Cabot Corporation and arc-generated soot. To benchmark the R250 carbon, a diesel-engine-generated soot provided by Cummins, Inc. possessing similar nanostructure was tested. This soot was collected from a DPF, generated by a 6.7-L ISB engine running ultra-low sulfur diesel (ULSD) fuel.
Thermogravimetric analysis
A PerkinElmer TGA 7 thermogravimetric analyzer has been used to oxidize the carbons above. The samples were pretreated with ultra-high purity nitrogen gas (N 2 ) until the desired oxidation temperature of 425°C was attained at a ramp rate of 20°C/min. Upon reaching this temperature, the samples are exposed to the desired gaseous atmosphere of (a) 10% O 2 or (b) NO 2 -O 2 gas mixture comprising 500 ppm (0.05%) NO 2 % and 10% O 2 by volume with N 2 making up the balance flow in both cases. Mass loss data for each sample are collected every 30 s with a maximum instrument error of ;5% observed when calibrated with a standard. Oxidation rates have been normalized to the initial weight of the sample at the start of oxidation after attaining the desired temperature, that is, weight loss during the temperature ramp-up in N 2 is not considered. The following are details of the isothermal experimental runs on the TGA for the different samples at 425°C.
Single-stage oxidation
For the single-stage oxidation studies using (a) 10% O 2 (balance N 2 ), oxidation was performed until 40% conversion for R250 and diesel soot and until 80% conversion for arc soot and M1300. This difference in conversion is due to prolonged exposure time required for R250 and diesel soot due to a slower oxidation rate. For (b) 500 ppm NO 2 % and 10% O 2 (balance N 2 ), oxidation was performed until 40% conversion for all materials is studied.
Two-stage oxidation
Practically, DPF soot will be oxidized predominantly by NO 2 -O 2 passive regeneration, prior to any active regeneration by O 2 at higher temperature. However, when the engine operation conditions are not favorable for passive regeneration (e.g. low exhaust temperature and associated low NOx emission, as may arise during operation with extensive idling), soot may undergo active regeneration (by O 2 oxidation) which will be followed by continued NO 2 -O 2 passive regeneration. This preceding oxidation could then impact the following oxidation rate. Such an impact would occur through a change in soot nanostructure.
To replicate these different regeneration exposures occurring in a DPF, an additional set of experiments utilized a two-stage oxidation procedure. Diesel soot was subsequently analyzed for the effect of changed nanostructure by first-stage oxidation upon secondstage oxidation reactivity. This two-stage oxidation study has the following two experimental conditions associated with it at 425°C-a common temperature to provide comparable conditions and therein establish a baseline reference:
(A) Diesel soot subjected to oxidation under 500 ppm NO 2 % and 10% O 2 (balance N 2 ) until 40% conversion. At this point, the gas was switched to 10% O 2 only (balance N 2 ) until a net conversion of 60% was attained (referred to as Ox-A). (B) A reciprocal scenario to (A). Diesel soot is subjected to oxidation until 40% conversion under 10% O 2 only (balance N 2 ) after which the gas is switched to 500 ppm NO 2 % and 10% O 2 (balance N 2 ) until 60% conversion (referred to as Ox-B).
HRTEM
For HRTEM visualization, each soot sample was deposited on a lacey C/Cu grid as a drop of the sample suspension, prepared by sonication in methanol. Images were taken using an FEI Talos F200X S/TEM with a nominal resolution of 0.14 nm, and a Gatan image filter was used for digital imaging featuring live Fourier transforms. The instrument was operated with a 200-keV field emission gun (FEG). Image processing was done using Gatan image software v3.4. For each soot/ carbon black sample, 50-100 images were taken while surveying multiple areas ( . 20) of the grid, with the representative micrographs from each set shown here.
Quantification of HRTEM using fringe analysis
Nanostructure refers to spatial metrics of the carbon lamellae that comprise the material, otherwise referred to as graphene segments. Parameters of nanostructure include in-plane layer dimensions (L a , L b ), stacking height (L c ), inter-planar spacing (d), and tortuosity or curvature of the lamellae. 6, 27 Lattice fringe length determines the physical extent of the atomic carbon layer planes. Longer lengths correspond to a higher degree of organization and hence the material is considered to be more graphitic. However, fringe tortuosity is defined here as the ratio of the actual fringe length to the shortest distance between the endpoints of a carbon segment, which provides a measure of the undulation of the layer planes. HRTEM provides images from which nanostructure can be extracted. Such images facilitate a direct measure of the length, curvature and stacking of graphitic fringes. Vander Wal 28 showed HRTEM images revealing differences in soot nanostructure for different types of soot primary particles before and after partial oxidations. Fringe analysis algorithms were then employed to relate reactivity to the nanostructure (fringe length and tortuosity), building upon prior works. 26, 29 Fringe analyses is performed for at least 10 representative images and an average of the results are presented here.
Results and discussion
TEM images of the untreated carbon blacks and diesel soot used are shown in Figure 1 . Arc soot shows an amorphous structure with no visible stacking or spatial order, as also observed from soot generated from spark-ignited direct injection engines. 30 ,31 Nascent M1300 exhibits multiple closed shells or fullerenic structures, similar to soot observed from a EuroIV test diesel engine.
13 R250 shows short lamellae organized concentrically with disorganized PAHs present in the center of the particle. Soot generated from a diesel engine has an appearance similar to R250 but has particles that are not as well defined and as spherical as those of the carbon black.
Oxidation in 10% O 2 Figure 2 shows the oxidation rates of the materials studied when subjected to isothermal treatment under 10% O 2 (balance N 2 ) at 425°C. R250 and diesel soot show a relatively unchanging oxidation rate throughout their conversion indicative of a slow, uniform burnout of the material with time. Oxidation rates of arc soot and M1300, however, are different from the former materials and show opposing trends with respect to each other. With time, the conversion of arc soot rapidly decreases as observed from a significant decreasing rate of mass loss while that of M1300 increases dramatically. This can be better understood by examining their nanostructures, shown in Figure 3 for arc soot and Figure 4 for M1300. As arc soot undergoes oxidation, its nanostructure changes toward a more ''graphitic'' state with increasing degree of conversion. Figure  3 (b) shows arc soot having a mixed nanostructure comprising its nascent structure-less form along with the appearance of ''ribbon-like'' organized structures in the center of the amorphous material. Figure 3(c) consists largely of the ribbon-like graphitized form, bearing little resemblance to the amorphous structure of virgin arc soot. This development of structure in the material and consequent ''graphitization'' results in arc soot becoming progressively less reactive to oxidative attack by O 2 at this temperature, slowing down its oxidation rate. M1300 shows the opposite trend as seen in Figure 4 . Nascent M1300 has highly curved basal planes and a fullerenic nanostructure showing lower reactivity to O 2 initially when compared to arc soot. After 80% conversion (Figure 4(b) ) and significant exposure to O 2 , while there is evidence of relatively longer fringes, it still bears a resemblance to its initial structure. Although slow to begin with, prolonged oxidation results in O 2 necessarily beginning by attacking the basal sites given the interlocking and nested curved lamellae characterizing this fullerenic nanostructure.
Removal of basal carbons creates reactive edge sites along the interior perimeter of the ''hole'' in the shells. These newly formed edge sites preferentially oxidize thereby multiplying and accelerating the mass loss as oxidation proceeds. These findings are complemented by a previous study by Gaddam et al. 17 at a relatively higher temperature of ;500°C. Oxidation in 500 ppm NO 2 + 10% O 2
When the materials are subjected to oxidation in an atmosphere of NO 2 and O 2 , oxidation rates show trends similar to those observed when only O 2 was used for oxidation, that is, R250 and diesel soot show relatively constant and overlapping rates of oxidation, while arc soot and M1300 show opposing trends. Due to their slow rates, these materials were oxidized upto a 40% conversion. Oxidation rates as a function of conversion are shown in Figure 5 . Although trends are similar, the absolute oxidation rate is higher when 500 ppm NO 2 is added to the prevailing 10% O 2 , with comparisons of oxidation rates shown subsequently in Figure 10 .
Transmission electron micrographs of R250 (Figure 6 ), diesel soot (Figure 7 ), M1300 ( Figure 8 ) and arc soot (Figure 9 ) comparing nanostructure of the nascent material, material oxidized in O 2 only and oxidized in the NO 2 + O 2 gas mix are shown in the following images.
While a significant difference in nanostructure is not observed by visual inspection when the material is subjected to O 2 oxidation only, as compared to when it undergoes oxidation under NO 2 + O 2 , inferences on nanostructure and material reactivity can be drawn by comparing the oxidation rates of the materials from the two exposure conditions and by quantifying HRTEM images to compare fringe characteristics between these conditions, across samples. Figure 10 compares oxidation rates for arc soot and M1300 between the two gas exposure conditions. For both samples, the increase in oxidation rate is significant when the carbon blacks are exposed to the NO 2 + O 2 gas mix. This increase in oxidation is comparatively marginal for R250 and diesel soot and given their relatively unchanging overlapping oxidation rates-the differences are challenging to discern and therefore have not been presented here. However, arc soot ( Figure 9 ) and M1300 ( Figure 8) show vastly different nanostructures, thereby bracketing the range of observable nanostructures in engine soot and therefore are good points of reference to understand the oxidation phenomenon here.
Also telling of differences in nanostructure are fringe characteristics of length and tortuosity shown in subsequent figures. Fringe characteristics are represented as difference plots, that is, HRTEM images have been analyzed for the two gas exposure conditions and fringe statistics have been extracted for each material after oxidation in (a) O 2 and (b) NO 2 + O 2 . To quantify the degree of change in nanostructure after oxidation relative to its nascent self without any oxidative treatment, fringe length statistics for M1300 oxidized by gas composition (b) have been subtracted from gas composition (a), thereby showing differences (in nanostructure) between the two conditions. These are nanostructure statistics of NO 2 + O 2 oxidized soot subtracted from nanostructure statistics of 10% O 2 oxidized soot, thereby quantifying the degree of change in the material by one oxidant relative to the other. Figure 11 shows this difference plot of fringe length and tortuosity for M1300. A greater percentage of short ( \ 1.5 nm) fringes are present when M1300 is oxidized by 10% O 2 as compared to oxidation by NO 2 + O 2 . In fact, oxidation by gas composition (b) showed a seemingly higher proportion of relatively longer ( . 2 nm) fringes (positive percentages originally, now registering as negative percentages on subtraction). This is corroborated by the respective fringe tortuosity showing the presence of less tortuous (i.e. longer and straighter) fringes (remaining) in NO 2 + O 2 oxidation as compared to the O 2 only case (shown by difference as the 212% bin at 1)-reflecting a deficit of highly curved fringes for the NO 2 + O 2 case. (A tortuosity of 1 means the length, and the shortest distance between fringe endpoints are the same, that is, straight fringes.)
To summarize, as inferred by the difference plots, longer and flatter lamellae remain after oxidation by NO 2 + O 2 . For reference, by our prior studies, 5, 6, 17, 32 lamellae with higher curvature are preferentially attacked in O 2 oxidation. Added NO 2 appears to accentuate this, accelerating the preferential loss of short and more curved lamellae. Therein, it would appear that NO 2 acts as a promoter, synergistically enhancing the known edge-site attack by O 2 . Moreover, this quantification of remaining fringes after oxidation demonstrates that NO 2 in the NO 2 + O 2 gas mixture does not attack basal sites leading to lamellae breakup-else more, shorter lamellae would be observed, and displayed as negative length difference in Figure 11 . Notably, such breakup has been observed previously by NO 2 oxidation alone when present in significantly higher concentration. 1 Moreover, lamellae with high curvature are preferentially lost under NO 2 + O 2 oxidation-their curvature accelerating their edge-site oxidation. Figure 12 shows a similar result for the dieselengine-generated soot for its fringe characteristics. This supports the higher rate of oxidation observed when NO 2 + O 2 is used. The presence of NO 2 results in a preferential oxidative attack on the available smaller fragments comprising a greater number of edge sites compared to basal planes in these materials. It also explains the seeming similarity of HRTEM images because the absence of short lamellae is a challenge to directly visualize (for the soots oxidized by NO 2 + O 2 ), given the variation in contrast and brightness of the images and limits on resolution. Although the net difference in fringe length is seemingly small, its impact on subsequent oxidation is significant, as demonstrated by the two-stage oxidation tests.
Two-stage oxidation
In an actual DPF, the collected soot would generally be first exposed to passive regeneration via NO 2 + O 2 . Under real-world transient driving conditions, soot accumulation continues to increase, and it is necessary to trigger an active regeneration when DPF pressure loss is too high. Hence, the accumulated soot is oxidized by O 2 after passive regeneration. Still, some soot will remain in a DPF after active regeneration. Consequently, the remaining soot from the active regeneration would then be subjected to passive regeneration conditions. This study sought to test whether these two scenarios of soot oxidations described by cases Ox-A and Ox-B show a significant difference in reaction rate, and whether one type of regeneration affected the other regeneration rate by change in nanostructure.
To mimic these two-stage oxidation scenarios, diesel soot was first oxidized by the combined gas mix, Figure 11 . Difference plot of fringe length and tortuosity for M1300 compared for the two gas exposure conditions of 10% O 2 and 500 ppm NO 2 + 10% O 2 . 500 ppm NO 2 + 10% O 2 , to a ;40% mass loss followed by oxidation in 10% O 2 until a net conversion of 60% (Ox-A) all at 425°C for direct comparison. This second-stage oxidation serves as a probe for change in nanostructure by the preceding oxidation stage. The reciprocal case was also analyzed, that is, oxidation in 10% O 2 to a ;40% mass loss followed by oxidation in 500 ppm NO 2 + 10% O 2 gas mixture at 425°C until ;60% mass loss (Ox-B). Figure 13 shows the mass loss curves for both two-stage oxidation cases Ox-A and Ox-B with time.
It is challenging to reconcile the lower absolute mass loss by NO 2 + O 2 than that by pure O 2 for diesel soot even though accelerated edge burnout by NO 2 + O 2 is observed for M1300 and arc soot. An additional contribution by NO 2 , that of increased surface oxidation and consequent inhibition of internal burning of the particle by O 2 , results in a lower net mass loss. According to literature, the promotional oxidation by the presence of NO 2 is described by a shrinking sphere burnout mode. 1, 21 The difference in the degree of internal burnout when using NO 2 + O 2 relative to using O 2 (only) is illustrated by the representative image panel shown in Figure 14 and further explained thereafter. Figure  14 During stage 1, by promoting edge-site oxidation, NO 2 fosters surface oxidation by O 2 . In the absence of NO 2 , the lower reactivity of O 2 allows its diffusion into the particle and results in internal burning. The higher reactivity of lamellae within the particle interior, now being exposed to and oxidized by O 2 , outweighs the promoting effect of NO 2 in the dual gas mixture (NO 2 + O 2 ), resulting in a greater absolute mass loss rate for O 2 (only) oxidation. In essence, the burning mode is altered by the presence of NO 2 , and surprisingly NO 2 restricts internal diffusion by enhancing edge-site oxidation, and as consequence, promoting surface oxidation.
In stage 2, upon switching oxidants, the greater surface area produced due to internal burning by O 2 (only), coupled with a likely greater number of edge sites by this burning mode, now maintains a greater absolute mass loss rate. To the author's knowledge, this appears to be the first illustration of change in burnout mode by a co-reactant, and illustration of apparent inhibition of (internal) burnout by the promotional (reactivity) effect of NO 2 . Contrary to expectation, Figure 12 . Difference plot of fringe length and tortuosity for diesel soot compared for the two gas exposure conditions of 10% O 2 and 500 ppm NO 2 + 10% O 2 . lower initial oxidant reactivity accelerates latter-stage oxidation as shown by the comparison of these twostage oxidation cases. Alternatively stated, the order of oxidants matters as mediated by nanostructure. However, further study is required to delineate relative contributions of preferential removal of edge sites by NO 2 and increase in surface area due to internal burning by O 2 . Toward practical implementation of these initial results, larger or smaller divergence between rates of stages 1 and 2 will be dependent on the soot nanostructure, often a function of fuel composition, engine operation and oxidation temperature. 5, 7, [33] [34] [35] [36] The important parameter quantifying rate of oxidation is the slope of the graph and the change in slope between 0% and 40% conversion and 40% and 60% conversion when the oxidant is switched out. The slopes of the mass loss curves diverge after the 40% conversion mark to a final 60% conversion indicating a difference in the material's oxidative reactivity due to a changed nanostructure on exposure to stage 1 of oxidation. This dependence on nanostructure is shown in Figure 15 for Ox-A and Figure 16 for Ox-B of this two-stage oxidation study. This is further supported by fringe analysis for length and tortuosity of the respective HRTEM images after a 60% conversion, shown in Figure 17 .
Fringe analysis is shown using difference plots of length and tortuosity, that is, respective statistics of two-stage oxidation case Ox-A minus case Ox-B. Fringe length shows small differences between the two cases with soot having reached similar fringe lengths, also observed by the similarity in nanostructure postoxidation shown by TEM. Overall, however, Ox-A has a higher percentage of long fringes ( . 3 nm) supporting its slowing oxidative rate, while Ox-B shows a higher percentage of short fringes (;1 nm or less, negative percentages) indicating the presence of shorter lamellae with a larger proportion of edge sites and thereby an increased mass loss rate due to edge-site oxidation. Tortuosity differences support this and are also significant in contrast to differences in fringe length. Ox-A has a significant number of straighter fringes (tortuosity = 1), that is, flatter lamellae as compared to Ox-B indicating the absence of curved basal planes and consistent with a reduced activity toward oxidation by O 2 at a temperature of 425°C.
Notably, these differences are smaller relative to those observed at the mid-point of this oxidation sequence, that is, at the 40% burnout point, but are consistent with results shown in Figure 12 for the single-stage oxidation tests. The single-stage results for diesel soot are exactly equivalent to stage 1 of these two-stage tests at the intermediate point, that is, until the 40% conversion point. Fringe analysis after stage 2 ( Figure 17) shows a similar pattern as that of Figure  12 , but with differences indicating the shorter lamellae undergo accelerated oxidation under NO 2 + O 2 and therein there is a relative deficit of short lamellae, leaving longer and flatter lamellae remaining (positive percentages for lamellae . 3 nm and tortuosity = 1). Although the second stage of oxidation acts to reduce the differences induced by the first stage, the results are yet manifested even after an additional 20% mass loss, as the fringe results in Figure 17 show and burning rates exhibit.
Summary
Underpinning oxidation rates and associated chemical mechanisms is physical nanostructure. The nascent nanostructure not only impacts but also governs oxidation behavior for various types of carbon (including diesel soot) under O 2 oxidation at moderate temperatures, 5, 11, 37 such as those in a DPF. This work aims to analyze the influence of soot nanostructure on its oxidative reactivity and in turn, the effect of oxidation on its final nanostructure to help explain and complement what has been observed kinetically. One such metric, curvature, has been observed in our prior studies to increase the reactivity of basal plane carbon atoms to O 2 attack in the temperature range of 500°C-800°C. 3, 6 Curvature is an increasingly prevalent nanostructure metric being observed in soots originating from biodiesel fuel blends. -thereby increasing reactivity. 38 In fact, a high degree of curvature was shown to increase reactivity becoming equivalent to that of amorphous carbon soot. 17 To address curvature, surrogate soot wherein nearly all lamellae are curved (M1300) was evaluated relative to a different surrogate soot with general absence of curvature (R250). M1300 and arc soot present contrasting nanostructure and oxidation results encompassing the range of nanostructure that diesel soot may exhibit based on its formation conditions. 17 The similarity of oxidation results and HRTEM images of R250 and diesel-engine-generated soot are supportive of a carbon black like R250 being representative of diesel soot and thereby its use as a surrogate material to study the behavior of diesel soot. Oxidation of carbon blacks at relatively low temperatures of 425°C studied here show an increased oxidation rate in the presence of NO 2 due to preferred edge-site oxidative attack by NO 2 in the presence of O 2 . The interaction of diesel soot with the gases oxidizing it shows a burning mechanism contrary to expectation when diesel soot is subjected to a twostage oxidation mimicking DPF-like conditions. TGA rates and corresponding TEM images point to an altered burning mode in the presence of NO 2 which promotes surface burning by preferential edge-site oxidation with its co-oxidant (O 2 ) and in the process, does not allow significant internal burning of the particle (relative to the internal burning mode observed with O 2 as the only oxidant). This highlights the importance of nanostructure and its impact in the order of oxidizing gases toward better DPF regeneration strategies.
Conclusion
Three model carbons (M1300, R250 and arc generated soot) have been studied along with a diesel-enginegenerated soot for their reactivity toward oxidation by a gas mixture comprising 500 ppm NO 2 + 10% O 2 , under conditions typically encountered during passive regeneration of a DPF. To isolate the effect of oxidation by NO 2 , this behavior has been compared to their respective reactivity when they are subjected to oxidation by 10% O 2 only. Comparisons have been made using the oxidation rate at isothermal conditions of 425°C, with interpretation based on their observed nanostructure using HRTEM imaging and subsequent fringe analysis.
NO 2 appears to act as an accelerator, increasing the oxidative attack of edge-site carbon atoms but not basal plane sites. Contrary to literature and observations with pure NO 2 , lamellae breakup by basal plane attack does not occur under the conditions of this study. While hollow-shell formation due to internal burnout is an observation common to diesel soot oxidation by both gases-O 2 and NO 2 + O 2 -the degree of internal burnout is far less when soot is exposed to NO 2 + O 2 , indicating an altered burning mode due to NO 2 , not only by preferential edge-site oxidation but also by inhibiting its co-reactant's (O 2 ) typical internal burnout mechanism previously observed at these temperatures.
Increased curvature in soot results in further oxidation of these curved lamellae, typically leaving behind straighter and longer fringes, seemingly ''graphitizing'' the material in case of arc soot, R250, and diesel soot. M1300 shows an opposing behavior due to the fullerenic nature of its initial nanostructure with the carbon lamellae subjected to a high-bond strain to begin with. Thus, nanostructure has a strong influence on the reaction pathway and kinetics of soot oxidation shown here using model carbons of varying initial nanostructure. Moreover, changes in overall nanostructure, that is, a Figure 17 . Fringe length and tortuosity difference statistics for case Ox-A (NO 2 + O 2 followed by O 2 ) minus case Ox-B (O 2 followed by NO 2 + O 2 ).
